We demonstrate orientation-sensitive multimodal nonlinear optical polarizing microscopy capable of probing orientational, polar, and biaxial features of mesomorphic ordering in soft matter. This technique achieves simultaneous imaging in broadband coherent antiStokes Raman scattering, multi-photon excitation fluorescence, and multi-harmonic generation polarizing microscopy modes and is based on the use of a single femtosecond laser and a photonic crystal fiber as sources of the probing light. We show the viability of this technique for mapping of three dimensional patterns of molecular orientations and that images obtained in different microscopy modes are consistent with each other.
Soft matter systems such as liquid crystals (LCs) exhibit polymesomorphism of phase behavior combined with varying degrees of orientational and positional ordering intermediate between that of isotropic fluids and crystalline solids. [1] The long-range orientational order is a salient feature of these systems that results in an unprecedented richness of ground-state structures and textural behavior associated with the uniform alignment of molecules on the scale of nanometers and their slowly varying patterns on the scale of microns. In uniaxial nematic LCs, local average molecular orientations are described by the director field n(r), which is also the optical axis. LC ordering can be polar or non-polar, uniaxial or biaxial, and with varying degrees of positional ordering. There are, however, no three dimensional (3D) labeling-free optical imaging techniques for probing all of these ordering features at the same time, although a substantial progress in LC imaging has been achieved by the use of fluorescence confocal polarizing microscopy (FCPM) [2] and several nonlinear optical microscopy techniques, such as second harmonic generation (SHG), [3] third harmonic generation, [4] multi-photon excitation fluorescence (MPEF), [5] sum frequency generation, [6] and coherent anti-Stokes Raman scattering polarizing microscopy (CARS-PM). [7] [8] [9] We describe a multimodal nonlinear optical polarizing microscopy (MNOPM) allowing for such non-invasive 3D imaging by combining simultaneous broadband CARS, MPEF and multi harmonic generation (MHG) imaging modalities [10, 11] with the achromatic control of polarization of excitation beams using twisted nematic polarization rotator [12] .
The schematic diagram of the setup is shown in Fig. 1 . A tunable (680-1080nm) femtosecond Ti:Sapphire oscillator (140fs, 80MHz, Chameleon Ultra-II, Coherent) is used for excitation of CARS-PM, MPEF, and MHG signals. For CARS imaging, a femtosecond pulse from the laser beam is split into a pump/probe beam and another beam synchronously pumping a highly nonlinear polarization maintaining photonic crystal fiber (PCF, FemtoWHITE-800, NKT photonics); the output of the PCF (marked "A" in Fig.1 ) is used as a synchronized broadband domains [1] , matching that revealed by 3PF images in Fig. 2(a-h) .
To demonstrate the feasibility of simultaneous CARS-PM, 2PF, and 3PF imaging, we used 3µm melamine resin spheres labeled with fluorescein isothiocyanate (FITC) and suspended in 8CB having SmA layers perpendicular to the glass plates of the cell, Fig. 3 . The spectra of MNOPM signals along with selection filters corresponding to different imaging modalities are shown in Fig. 3(b,c) . Figure 3 (d-l) shows in-plane and vertical cross-sectional images of the 30µm-thick sample obtained in three different MNOPM modalities and for excitation light polarization orthogonally to the rubbing direction: (i) 3PF (via self-fluorescence of 8CB due to three photon excitation at 870nm), (ii) CARS-PM (excitation using 780nm pump/probe and broadband Stokes pulses), and (iii) 2PF (fluorescence from FITC-labeled particles with two-photon excitation at 980nm). CARS-PM images due to CN-vibration with the signal centered at ~664nm (CARS frequency is related to that of pump/probe and Stokes pulses as ν CARS = 2ν pump/probe -ν Stokes ) were forward-detected, Fig. 3(g-i) . All images reveal that n(r) is along the rubbing direction far from the inclusion but distorted around the spherical particle as schematically shown in Fig. 3a . The broadband CARS spectrum of 8CB, Fig. 3(c) , shows the capability of imaging by use of other spectral lines, i.e., those due to ν(CC) and ν(CH) vibrations.
Submicron resolution of MNOPM along the optical axis is enabled by the nonlinear optical nature of the used processes and is demonstrated using vertical cross-sectional images of ~30µm-thick cells (Fig. 4 ) that have planar ground-state cholesteric structure shown in Fig. 4 (b).
2PF image in Fig. 4(a) shows such a structure with defects and was obtained for a cholesteric LC doped with BTBP (n,n'-bis(2,5-di-tert-butylphenyl)-3,4,9,10-perylene dicarboximide) by the use of 980nm excitation and detection marked on the respective spectrum shown in Fig. 4 and SHG modes involves second-order nonlinear processes, whereas CARS-PM, 3PF, and third harmonic generation are third-order nonlinear processes. Therefore, MNOPM images in all modalities have a stronger sensitivity to spatial variations of n(r) compared to single-photon FCPM imaging. Because of the near-infrared excitation, light scattering due to the thermal 5 fluctuations of n(r) is relatively small and MNOPM imaging can be done for thick LC sample of thickness ~100µm, which is impossible to achieve using FCPM [2, 12] . Compared to the FCPM with the visible-light excitation MNOPM imaging is less affected by artifacts such as those due to light defocusing caused by LC birefringence and the Mauguin effect resulting in the light polarization following the slowly-twisting n(r) when the twist occurs in the direction along the microscope's optical axis. We note that FCPM would be unable to visualize the structure of 5CB-based cholesteric shown in Fig. 4 due to the Mauguin effect [12] . The technique can potentially be extended to probe dynamic processes in LCs and LC composites associated with temporal changes of n(r) due to application of fields and flow, similar to that recently demonstrated by using the 2PF mode of nonlinear optical microscopy and dye-doped LCs [13] .
Additional studies are needed to explore the possible influence of MNOPM excitation beams of typical power ~1mW on the n(r) of studied LC structures in various experimental conditions. [8] In conclusion, MNOPM is capable of non-invasive 3D labeling-free imaging of LC 
